The source of afterdischarge activity in neocortical tonic-clonic epilepsy by Trevelyan AJ et al.
Neurobiology of Disease
The Source of Afterdischarge Activity in Neocortical Tonic–
Clonic Epilepsy
Andrew J. Trevelyan,1,5 Torsten Baldeweg,2,3Wim van Drongelen,4 Rafael Yuste,5 andMiles Whittington1
1School of Neurology, Neurobiology and Psychiatry, Medical School, University of Newcastle, Newcastle upon Tyne NE2 4HH, United Kingdom, 2Institute
of Child Health, University College London, LondonWC1N 1EH, United Kingdom, 3Great Ormond Street Hospital, LondonWC1N 3JH, United Kingdom,
4Department of Pediatrics, The University of Chicago, Chicago, Illinois 60637-1470, and 5Department of Biological Sciences, Howard Hughes Medical
Institute, Columbia University, New York, New York 10027
Tonic–clonic seizures represent a common pattern of epileptic discharges, yet the relationship between the various phases of the seizure
remains obscure. Herewe contrast propagation of the ictal wavefrontwith the propagation of individual discharges in the clonic phase of
the event. In an in vitromodel of tonic–clonic epilepsy, the afterdischarges (clonic phase) propagate with relative uniform speed and are
independent of the speed of the ictal wavefront (tonic phase). For slowly propagating ictal wavefronts, the source of the afterdischarges,
relative to a given recording electrode, switched as the wavefront passed by, indicating that afterdischarges are seeded from wavefront
itself. In tissue that has experienced repeated ictal events, the wavefront generalizes rapidly, and the afterdischarges in this case show a
different “flip–flop” pattern, with frequent switches in their direction of propagation. This same flip–flop pattern is also seen in subdural
EEG recordings inpatients suffering intractable focal seizures causedby cortical dysplasias. Thus, in both slowly and rapidly generalizing
ictal events, there is not a single source of afterdischarge activity: rather, the source is continuously changing. Our data suggest a complex
view of seizures in which the ictal event and its constituent discharges originate from distinct locations.
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Introduction
Epileptiform activity shows a variety of phase transitions: inter-
ictal to ictal activity; focal to generalized activity; the tonic to
clonic transition; and the spontaneous cessation of epileptiform
discharges (Prince et al., 1983;Wong andPrince, 1990; Traub and
Miles, 1991; Traub et al., 1993; Dzhala and Staley, 2003; Steriade,
2003; Van Drongelen et al., 2003; Netoff et al., 2004; Pinto et al.,
2005). However, the nature of the transitions, although being of
obvious importance, remains obscure. Insights into these phase
transitions may come from identifying changes in the source of
activity in the different phases (Traub et al., 1993).
Our attempts to understand epileptiform activity can be
helped by examining appropriate in vitro models. Using brain
slices greatly reduces the dimensionality of the problem, essen-
tially to analysis of a one-dimensional, horizontal propagation
(Chervin et al., 1988; Traub et al., 1993; Wadman and Gutnick,
1993; Albowitz and Kuhnt, 1995; Pinto et al., 2005; Trevelyan et
al., 2006, 2007). Furthermore, these models provide far greater
control of the experimental conditions than in vivo models but
also allow easier access for electrophysiological recording or im-
aging. A drawback is that brain slices are a “reduced” preparation,
lacking long-range axonal connections. Conversely, the integrity
of cellular function is essentially maintained, and, importantly,
brain slices demonstrably can sustain complex network behavior
that closely mimics that in vivo (Whittington et al., 1995b; Cos-
sart et al., 2003; Cunningham et al., 2004; MacLean et al., 2005).
The zero magnesium (0 Mg2) in vitro model, in particular,
manifests a wide range of epileptiform activity patterns, includ-
ing interictal activity (Anderson et al., 1986; Flint et al., 1997),
slow and rapid patterns of generalization (Wong and Prince,
1990; Trevelyan et al., 2006, 2007), tonic–clonic transitions
(Anderson et al., 1986; Flint et al., 1997), and status epilepticus
(Dreier and Heinemann, 1990; Pfeiffer et al., 1996; Dreier et al.,
1998). The multifaceted nature of this particular model may
come from the initial epileptic activity arising from enhanced
excitation, whereas the late activity is influenced further by de-
pressed inhibition (Whittington et al., 1995a; Trevelyan et al.,
2007). In the present study, we use this to our advantage, because
it allows us to contrast the speed of afterdischarge propagation
(unchanging) with that of the ictal wavefront (progressively in-
creasing) (Trevelyan et al., 2007).
We analyze the relative timing of afterdischarges in paired
recordings, during the clonic phase of tonic–clonic epileptiform
activity in two different conditions: patch-clamp recordings from
mouse neocortical brain slices in which epileptiform activity has
been provoked by reducing extracellular Mg2 ions; and in hu-
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man subdural recordings. With slowly
propagating ictal events, activity is seeded
continually from the region most recently
recruited to the event, at the ictal wave-
front. In contrast, rapidly generalizing
events show a “flip–flop” pattern of after-
discharges, with regular switches in the di-
rection of propagation. Importantly, in
both slowly and rapidly generalizing
events, the afterdischarges do not arise
from a single location but instead appear
to arise from a continually changing
source.
Materials andMethods
Subdural EEG recordings. Subdural recordings
were made from four patients suffering partial
seizures with a focal neocortical pathology (one
had a region of cortical dysplasia, two had me-
sial temporal sclerosis/neurofibromatosis, and
one had focal seizures subsequent to perinatal
asphyxia). The recordings were from multi-
contact (all four patients had 32 or more con-
tacts) platinum array (Ad-Tech, Racine, WI)
placed over the ictal foci. Continuous video
EEG recordings weremade, sampling at 200 Hz
with a bandpass of 0.3–70Hz (Grass Telefactor,
West Warwick, RI). Supplementary recordings
were made using Neuroscan (Charlotte, NC)
equipment, sampling at either 500 Hz or 1 kHz
with a bandpass of 0.1–200 Hz, with reference
electrode on a distant contact on the subdural strip. The analyses of
timing presented here were done on these latter recordings, sampled at
the higher rate (1 kHz), and referenced to the common average signal.
Slice preparation.All animal handling and experimentation were done
according to National Institutes of Health guidelines. Recordings were
made from slices of occipital cortex prepared acutely from postnatal day
13–18 d C57BL/6 mice. Animals were anesthetized with ketamine–xyla-
zine (10 mg/kg), and the brain was removed and submerged in ice-cold
isotonic sucrose solution (in mM: 222 sucrose, 26 NaHCO3, 2MgCl2, 2.6
KCl, 1.5 NaH2PO4
, and 0.05 ascorbic acid). Coronal slices, 350 m
thick, were cut using a Leica (Nussloch, Germany) vibratome, and the
slices were incubated in artificial CSF (ACSF) containing 1 mM Mg2
ions (125 NaCl, 26 NaHCO3, 10 dextrose, 3.5 KCl, 2 CaCl2, 1.26
NaH2PO4
, and 1 MgSO4).
In vitro electrophysiology. The chamber was mounted on a Scientifica
(Uckfield, UK) movable top plate fitted with a heater plate (Warner
Instruments, Hamden, CT), and the incoming solution (perfusion at 1–3
ml/min)was heated by a sleeve heater element (Warner Instruments). All
imaging and electrophysiological recordings were done at 33–37°C.
Whole-cell recordings were made using 3–7 M pipettes [borosilicate
glass (Harvard Apparatus, Holliston, MA); MX130 hydraulic microma-
nipulators (Siskiyou Design Instruments, Grants Pass, OR), containing
125 mM K methyl-SO4, 10 mM K-HEPES, 2.5 mM Mg-ATP, 6 mM NaCl,
5 mM QX-314 [N-(2,6-dimethylphenylcarbamoylmethyl)triethylammonium
bromide], 0.3 mM Na-GTP, and 0.5% biocytin (w/v). QX-314 was in-
cluded to allow the cells to be voltage clamped above the threshold for
action potentials (at30mV). Slices were fixed and stained for biocytin;
the horizontal separation of the stained cells was measured from either
the stained sections or the imaged locations of the electrodes (the two
measures corresponded). Electrophysiological data were collected using
a HEKA Elektronik (Lambrecht/Pfalz, Germany) EPC10 amplifier with
Patchmaster software and analyzed off-line using Igor (WaveMetrics,
LakeOswego, OR). Some slices had been loaded with the Ca dye, Oregon
Green BAPTA 1 (OGB1) before recording as part of another previously
published set of studies (Trevelyan et al., 2006, 2007). There were no
qualitative differences between the recordings fromOGB1-loaded versus
unloaded slices.
Analysis. The latency of afterdischarges recorded in two pyramidal
cells was derived as follows. The analysis was performed on either 1 s or
500 ms windows, approximately centered on the down slope of the dis-
charges in the Vclamp recordings (the longer time window was used for
the analysis in Fig. 1 because the dataset was derived from the final
afterdischarges in an ictal event that occur at relatively low frequency; the
analysis of entire ictal events shown in the remaining figures used shorter
500 ms bins because early discharges in an ictal event occur at 1 Hz
frequency). The temporal derivative of these time windows was taken,
and the cross-correlogramof the derivatives was obtained. The latency of
the event in the two cells was taken to be the offset from zero of the peak
of the cross-correlogram (see Fig. 1C). We used the derivative of the
Vclamp trace because, first, this was dominated by the rapid onset of the
excitatory synaptic drives and thus reflectedwell the relative timing of the
onset of the event in both cells, and, second, the window usually incor-
porated the entire event, the start and end current in the window were
virtually identical, and thus the mean of the derivative over this time was
close to zero, thus validating the use of a correlogram.
Results
Different determinants of propagation speed for tonic and
clonic discharges
When neocortical brain slices are bathed in ACSF lacking Mg2
ions, they start to experience epileptiform discharges with a very
characteristic tonic–clonic structure (Anderson et al., 1986) (Fig.
1A). We documented previously how the initial wavefront, the
tonic phase of the event, propagates with a huge range of veloci-
ties, primarily determined by the efficacy of a feedforward re-
straint (Trevelyan et al., 2006, 2007). In contrast, the afterdis-
charges propagate at a very uniform speed (Fig. 1B–D). The
speed of afterdischarges remained the same with repeated ictal
events, unlike the speed of the ictal wavefront (Fig. 2A), which
became progressively faster with each ictal event (Trevelyan et al.,
2007) until it approached the speed of the afterdischarge propa-
Figure 1. Highly uniform propagation speed of afterdischarges. A, Paired Vclamp recording (at 30 mV) of two layer 5
pyramidal cells (485 m separation) during an ictal event. Bottom, An enlarged view of the after discharges. B, Examples of
afterdischarges recorded in pairs of layer 5 pyramidal cells at the separations indicated. There is a steady increase in the delaywith
increasing separation of the recorded pyramidal cells. C, To quantify this, we derived cross-correlograms for the traces: a peak
exactly at zero indicates simultaneous events, whereas deviations from zero in the peak give the temporal delay. The cross-
correlograms for the raw traces and for the first temporal derivatives gave the same peak location. D, The temporal delays
measured this way showed an extremely high correlation with the separation of the recorded cells. The gradient of this plot
suggests the propagation speed of the afterdischarges to be27 mm/s.
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gation. Thus, the speed of afterdischarges was independent of the
speed of the ictal wavefront (Fig. 2A). Notably, the propagation
speed of the afterdischarges (29 18 mm/s) was similar to ictal
propagation in disinhibited brain slices (20–100mm/s) (Chervin
et al., 1988; Wadman and Gutnick, 1993; Albowitz and Kuhnt,
1995; Pinto et al., 2005).
Slowly generalizing events: all discharges are seeded from the
ictal wavefront
A consistent feature of these slowly propagating ictal events was
that the late afterdischarges propagated in the opposite direction
to the wavefront (Figs. 1A, 3). The example given shows this
particularly well because the first two ictal events propagated in
opposite directions: in both cases, the afterdischarge propagation
is reversed.We reasoned that the earliest discharges should travel
in the samedirection as thewavefront (Fig. 4, top left) because the
process of recruiting new cortical territories to the ictal event
must involve activity spreading fromareas already involved in the
event to areas that are still quiescent. This implies that the direc-
tion of propagation of individual discharges should reverse as the
ictal event progresses.
To examine the discharge reversal further, we plotted the di-
rection of propagation of all predominantly excitatory barrages
in paired recordings from separate layer 5 pyramidal cells, as an
ictal event progressed across the cortical slice (Fig. 4). The anal-
ysis clearly showed that the direction of propagation of discharges
reversed direction at approximately the time, or fractionally be-
fore, the later recruited cell was experiencing the most intense
excitatory drive. The low-pass-filteredVclamp traces identifies this
peak excitatory drive clearly, so we used the filtered traces of the
later recruited cells to align all the events (Fig. 4B). The delays
between discharges in the two cells were normalized by the sep-
aration of the cells. All events examined (n  12 events from 8
different brain slices) showed the same trend, with a reversal
fractionally before the peak excitatory drive in the second cell.
There was a significant shift in the time delay from the period
5–10 s before this time point, to 5–10 s after, but subsequently the
time delay remained constant.
Our interpretation of this reversal is explained with the aid of
a Ca2 fluorescence line scan of a slowly propagating ictal event
(Fig. 4C; for additional explanation of these plots, see Trevelyan
et al., 2006). Line scans through the infragranular layers can give
a useful representation of the network activity patterns as the ictal
event propagates. In these plots, the ictal wave front is seen as a
diagonal band (dotted red outline) that, in the case shown,
traverses the 750 m field of view in5.5 s (140 m/s). Thus,
the delay in activation of different cortical territories is likely to
translate into significant differences in refractoriness to activa-
tion over quite short cortical distances. Synaptic volleys spread
forward from the wave front to recruit new cortical territories,
and they also propagate backward from it as afterdischarges.
Rapidly generalizing events: flip–flop
afterdischarge propagation
The pattern of activity, in the 0Mg2model of epilepsy, changes
over time (Dreier and Heinemann, 1990; Whittington et al.,
1995a; Pfeiffer et al., 1996; Dreier et al., 1998; Trevelyan et al.,
2007). In particular, there is a progressive increase in propagation
speed of ictal events, such that the late events generalize across the
tissue with great rapidity (Trevelyan et al., 2007). We therefore
examined whether the afterdischarges showed the same simple
reversed relationship to the ictal wavefront (Fig. 5A) in these
rapidly propagating ictal events. In contrast with the slow ictal
events, rapidly generalizing events showed regular switches in the
direction of propagation of the afterdischarges (Fig. 5A). The
probability of consecutive afterdischarges traveling in opposite
directions was significantly different for slowly and rapidly prop-
agating ictal events [Pslow(switch)  0.098  0.113; Pfast(s-
witch) 0.250 0.138; p 0.05, Student’s t test). The afterdis-
charge flip–flop pattern in rapidly generalizing events is
illustrated schematically (Fig. 5B) with the aid of a Ca2 line scan
from a late 0 Mg2 event (Trevelyan et al., 2007).
Finally, we performed the same analyses on subdural record-
ings taken from human subjects with focal seizures emanating
fromdiscrete cortical foci. The example shown in Figure 5 (Traub
et al., 2001) was taken from a 13-month-old girl who initially
presented at5 weeks age, with brief isolated jerks in both arms.
At age 5 months, she started to experience generalized seizures
and, at the time of investigation, was suffering 10–15 generalized
seizures per day. The recordings were made from chronically
implanted 32 electrode array (4	 8 electrode arrangement, 1 cm
inter-electrode spacing) placed over an area of focal cortical dys-
plasia in the right frontal lobe. The outward appearance of the
seizures was a short period of behavioral arrest (unresponsive)
for a few seconds, followed by generalized jerking of all limbs,
predominating on the left and lasting 2–3 min. This corre-
sponded well with the timing of activity in the electrical record-
ings, with approximately a 20 s delay from the onset of very fast
oscillations to generalized activity at all electrodes. Subsequent to
these recordings, the focal dysplasia was surgically removed, and
the patient became seizure free, providing confirmation that this
was indeed the ictal focus.
In these in vivo recordings, the afterdischarges showed the
same flip–flop pattern as seen in the late 0 Mg2 events, with
consecutive afterdischarges regularly traveling in opposite direc-
tions (Fig. 5C) (supplemental Fig. 2, available at www.jneuro-
sci.org as supplemental material). This was not an artifact of a
one-dimensional sampling of epileptic propagation through a
complex two-dimensional area, because similar patterns were
found for all pairings from a 32 electrode array overlying the
dysplastic region [Psubdural(switch) 0.321 0.107; 75 electrode
pairings analyzed]. Recordings from all four patients showed the
same flip–flop patterns. We conclude therefore that, after re-
peated ictal events, there can be multiple sources of afterdis-
charge bursts.
Figure2. The velocity of the ictalwavefront and theafterdischarge are independently set.A,
The speed of afterdischarges does not change with successive ictal events, unlike the speed of
the ictal wavefront, which increases with each successive event [data for the ictal wavefront is
from Trevelyan et al. (2007), shown here for comparison]. B, The speed of the ictal wavefront
plotted against the speedof subsequent afterdischarges for the same ictal event (n44events
from12 slices). The delays are normalized to the separation of the recording electrodes so as not
to bias the dataset by a skewed sample of electrode separations. The speed of the ictal wave-
front and the discharges are not correlated.
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Afterdischarge propagation failure
Finally, we also noted examples of failure
of backpropagating afterdischarges in
slowly generalizing ictal events. The fail-
ures tended to follow soon after a large af-
terdischarge (Fig. 6A). These recordings
usually showed examples of partial failures
at other times (Fig. 6A, filled arrowheads).
Our paired recordings clearly represent a
limited sampling of the spatial activity so
only give a partial picture of the failure.
The notable feature of these recordings,
however, is that failure of propagation of
these late afterdischarges only seems to oc-
curwhen there has been a substantial delay
in the initial recruitment and in one direc-
tion only: from the later to the earlier acti-
vated cortical territories. We never saw
such failures (large event in one electrode
and virtually nothing in the other) associ-
ated with rapidly propagating ictal events
(40 events from 10 separated paired re-
cordings). Thus, these data strongly sug-
gest that a difference in the refractoriness
of cortical territories contributes to the
failures. In short, the longer a cortical area
has been seizing, the more refractory that
area is to reactivation.
Interestingly, these partial failures con-
stitute an exception to the rule that dis-
charges propagate at a uniform rate: par-
tial failures are associated with a marked
increase in the delay of propagation (Fig.
6A). This delay may also contribute to the
likelihood of failure of backpropagation
because it will have the effect of desyn-
chronizing the excitatory drive: rapidly propagating events will
involve a more synchronous firing over a wider cortical territory
than more slowly propagating events. These failures are a feature
of the terminal stages of the ictal event and are associated with an
upward baseline shift in the 30 mV Vclamp recordings at this
time (Fig. 6B). The underlying cause of the refractoriness re-
mains of great importance because it is likely to influence the
eventual termination of the event.
Discussion
We analyzed the direction of propagation of afterdischarges to
show that the source of individual discharges is different from the
source of the ictal event itself. This conclusion appears to hold
true for both slowly and rapidly generalizing, in vitro epileptiform
activity, and also in vivo partial seizures, recorded in humans. In
addition to this difference in initiation site, the ictal wavefront
and the subsequent afterdischarges also differ with respect to the
pattern and speed of propagation. These data are consistent with
our previous interpretation of the spread of the ictal wavefront:
that recruitment of new cortical territories is set primarily by the
efficacy of an inhibitory restraint (Trevelyan et al., 2006). The
inhibitory restraint, as we previously described it, works by veto-
ing the excitatory drive on to pyramidal neurons and thus causes
the wavefront to stall. This intermittent stalling is the signature of
the inhibitory restraint. Once the new territory is recruited, how-
ever, the restraint has effectively failed. Thus, the inhibitory re-
straint should not influence the afterdischarges and, indeed, the
afterdischarges, in general, propagate without stalling (but see
Fig. 6 and discussion below). Our data provide additional sup-
port for the view that distinct mechanisms underlie the different
phases of seizures (Traub et al., 1993; Pinto et al., 2005).
The slowly generalizing in vitro events are the most straight-
forward to understand and provide insight into one mechanism
by which the events may be sustained. The key observation is an
apparent switch in the direction of propagation of individual
discharges coincident with the peak excitatory drive (Fig. 4).
Multielectrode extracellular recordings (Wong and Prince, 1990)
and Ca2 imaging experiments (Trevelyan et al., 2006) indicate
that this peak synaptic barrage occurs as the ictal wavefront passes
the recorded cell. Because our analysis was of paired recordings,
the discharges would arrive at both electrodes simultaneously if
arising fromapoint halfway between them.As such, the zero time
delay would occur fractionally before the wavefront reached the
later recruited cell, and a careful study of Figure 4B suggests that
this is indeed so (the exact timingwill be obscured by the fact that,
to pool the dataset, we normalized for the separation of the cells.
The switch time for a 200mseparated pairwill be different from
that for a 1 mm separated pair). We conclude therefore, that, in
these slowly propagating ictal events, the ictal wavefront must be
the source of all activity, driving the recruitment of new territo-
ries ahead of the wavefront and also seeding afterdischarges that
then propagate in the opposite direction (shown schematically in
Fig. 4C).
In slowly propagating ictal events, the pacemaker for the af-
Figure 3. The late afterdischarges propagate in the opposite direction to themain ictal wavefront. A, Photomicrograph of the
three recorded layer 5 pyramidal cells. Cell separations: black to red, 500m; red to blue, 820m.B,Vclamp recordings from three
layer 5 pyramidal cells during the first ictal event to propagate in the slice. The ictal event propagates fromblack to red to blue. The
afterdischarges, however, propagate in the opposite direction. C, The second ictal event recorded in this slice happened to
propagate in the opposite direction; all activity developed spontaneously. Remarkably, the afterdischarges also switched direc-
tion. Thus, the afterdischarges consistently propagated in the opposite direction to the ictal wavefront.
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terdischarges appears to be the high frequency “tonic” activity at
the wavefront itself. The fact that the afterdischarges have a dom-
inant frequency lower than that at the ictal wavefront implies that
the high-frequency activity is failing to backpropagate through
the network. This would occur if sustained activity made net-
works refractory to activation.Wong and Prince (1990) provided
experimental evidence for this refractoriness by demonstrating
that networks could not follow even quite low-frequency (2 Hz)
extracellular stimulation after sustained ictal activity. We also
provide some circumstantial evidence for this view, as well, by
showing examples of failure of late afterdischarges to backpropa-
gate in the slowly generalizing events but not in the rapidly gen-
eralizing events. The difference between the slow and rapid gen-
eralizing events in this regard is consistent with the idea that it is
the relative refractoriness of cortical areas that influences after-
discharge propagation.
Several factors may contribute to the differential refractori-
ness: Ca2-activated K channels (witness the increase in intra-
cellular Ca2 levels during the clonic phase coupled with a pro-
gressive shift in the baseline current at this time, indicative of a
slowly activated, tonic outward current); an increasedNa–K–
ATPase activity (Thomas, 1969); and synaptic changes (Larkman
and Jack, 1995), such as receptor desensitization and vesicle de-
pletion (Bekkers and Stevens, 1990). Indeed, it seems probable
Figure 4. The direction of the discharges reverses as thewavefront passes the recorded cell.A, Paired voltage-clamp recording frompyramidal cells (separation, 610m) during an early, slowly
propagating ictal event. The earliest discharges spread from the red to the black cell and are thus propagating in the direction of the ictal wavefront. The direction of the discharge propagation
subsequently reverses so that the later afterdischarges propagate backward from the black to the red cell. The relative timing of the discharges is shown in the plot below theVclamp traces and shows
clearly that the discharges reverse their direction as the synaptic barrage reaches its greatest intensity in the later recruited cell. Positive values indicate that the discharge propagates in the same
direction as the ictal wavefront, whereas negative values represent discharges propagating in the opposite direction to the main wavefront. B, Pooled data from eight paired recordings (12 ictal
events), aligned by the peak filtered inward current in the later recruited of the two cells. The top plot shows low-pass-filtered (0.2 Hz)Vclamp recordings during slowly propagating ictal events. Each
recording is one of a pair of Vclamp recordings and shows the later of the two cells to be recruited. The minima in these filtered plots accurately reflect the peak intensity of the synaptic barrage (for
an overlay of the raw Vclamp trace and the low-pass-filtered version, see supplemental Fig. 1, available at www.jneurosci.org as supplemental material). The bottom plot shows themean discharge
latency in thepairs of recorded cells, normalized toa cell separationof 1mm.Theplot has the sameconventionas in Figure3 (positive, samedirectionas ictalwavefront; negative, oppositedirection).
C, Schematic to show the typical pattern of activity flow during a slowly propagating ictal event. This figure is adapted from Trevelyan et al. (2006) and shows a line scan through a cortical slice that
had been bulk loaded with the Ca 2 dye Oregon Green BAPTA 1. The ordinate represents distance, and the abscissa represents time. The line scan shows a slowly propagating ictal event, and the
wavefront is outlined by the dotted red line. Our analysis of the timing of discharges, presented here, indicates that all activity originates in this narrow propagating band of tissue and spreads both
forward, to recruit more tissue to the event, and backward, in the form of afterdischarges.
Figure 5. Frequent switches in the direction of propagation of individual discharges after many ictal events. A, Paired Vclamp recordings of separate layer 5 pyramidal cells in a slice that has
experienced many previous ictal events. The ictal event rapidly generalizes, as evident by the almost synchronous initial excitatory volley in the two cells. The bottom shows the relative timing of
individual discharges and, as is typical for these rapidly generalizing events, shows that discharges switch directions frequently. B, Line scan schematic to illustrate that, in rapidly generalizing
events, there are regular switches in the direction that afterdischarges propagate. It should be noted that the directionality of afterdischarges cannot be determined fromour Ca 2 imaging dataset
because the afterdischarges traverse the entire field of view within a single time frame: the arrows are merely a heuristic aid. C, Afterdischarge pattern recorded from two subdural electrodes
(separated by3 cm) in a patient with intractable seizures caused by a focal cortical dysplasia. Although in this patient the source of the seizure activity was clearly localized, the afterdischarges
show frequent switches in the direction of propagation.
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that all these different mechanisms contribute to varying degrees
and likely other mechanisms, too.
The great delays in the initial activation of cortical territories
in slowly propagating events willmean that there are correspond-
ing differences in the refractoriness of these territories. Because
the newly recruited territories appear to seed afterdischarges, it
would seem that these “fresh” territories may be sustaining the
ictal event. Ultimately, however, the ictal wavefront will reach the
end of the slice, and so, presumably, with the lack of new fresh
territory to sustain the event, the pacemaker drive from the ictal
wavefront is reduced, leading to an eventual termination. In
agreement with previous in vitro studies (Wong and Prince,
1990), we found that termination occurred simultaneously
throughout the tissue. In amore extensive network, however, this
need not necessarily be the case. There are well described clinical
cases in which seizures appear to “migrate,” the original area
ceasing to show spiking as another area becomes active (Binnie et
al., 1994). Our in vitro data suggest that this pattern of motile
focal ictal activity should be particularly associated with slowly
propagating ictal events, with feedforward activation being lim-
ited by the inhibitory restraint, and feedback activation by in-
creasing refractoriness.
It is clear, however, that the ictal wavefront is not the only
potential pacemaker, as evident from the rapidly propagating
events, in which afterdischarges appear to be triggered frommul-
tiple locations. In these events, there are unlikely to be substantial
differences in the refractoriness of cortical territories. Traub et al.
(1993) suggested that these secondary discharges may arise from
dendritic Ca2 spikes, based on their analysis of discharge pat-
terns in disinhibited hippocampal slices. In theirmodel, they also
showed how an inhomogeneous expression of glutamate recep-
tors could reverse the direction of afterdischarges. The model,
however, predicts that the reversal is consistently in one direction
and not the flip–flop pattern we show here. A second issue is
timing: their proposed mechanism is likely to be constrained by
the time course of the Ca2 spike, and thus a mechanism that
could explain reversal of discharges that are occurring in the theta
band (5–12Hz, as in their disinhibited hippocampal slices) rather
than the delta rhythm (0.5–2 Hz) of the afterdischarges in our
neocortical slices. Spontaneous changes in wave propagation
have been noted previously in both the hippocampus (Finnerty
and Jefferys, 2000; Luhmann et al., 2000; Derchansky et al., 2006)
and neocortex (Bao and Wu, 2003). Coupled oscillators have
been proposed to underlie these spontaneous switches (Bao and
Wu, 2003; Derchansky et al., 2006), although once again, this
latter mechanism necessarily works at a higher frequency (theta
rather than delta) because the latency of activation between os-
cillators has to be approximately half the period of the oscillation.
It is possible, however, that, although the rhythms we record are
ostensibly much slower, at the actual site of reversal the apparent
rhythm may be at the requisite theta frequency and, thus, the
reversals could indeed be mediated by these previously described
mechanisms.
In vivo, the situation is likely to be more complicated still.
First, there are practical issues regarding the interpretation of our
recordings: our in vitro studies used intracellular recordings from
relatively close pyramidal cells (generally 1 mm separation),
whereas the human recordings were extracellular, derived from
electrodes located sometimes centimeters apart. The intracellular
recordings, because they all derive from the same cell class (layer
5 pyramidal cells), should have a consistent temporal relationship
with the extracellular signal, so there should be no interpretative
issues regarding intracellular versus extracellular recordings. The
much greater distances between subdural electrodes may intro-
duce aliasing issues, but this does not alter the fact that the timing
of peaks at individual electrodes shows great jitter (relative to
other electrodes), also suggesting the same conclusion: that the
source of afterdischarges is highly variable.
Slowly propagating in vivo events (Jasper, 1969; Blume et al.,
2001) should seed activity from an annulus of increasing radius,
Figure 6. Failure of backpropagating afterdischarges. A, Simultaneous Vclamp recordings of
two layer 5pyramidal cells, duringa slowlypropagating ictal event. Toward theendof the clonic
phase, there are several examples of discharges failing to propagate back toward the cell that
has been active for the longest time. An expanded view of these recordings is shown below.
Note that the partial failures (filled arrowheads) are associated with an increase in latency
(arrows). There is a break in the delay plot for the event that fails to propagate, because the
cross-correlation at this time was meaningless. B, Vclamp recording of a layer 5 pyramidal cells,
held at30 mV, to show a consistent feature of these recordings: the upwards shift in the
baseline current during the afterdischarge phase of the ictal event (tonic shift).
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and, with the complexities of long range axonal projections, there
is the possibility for reentry loops and an inhomogeneous spread
of activity through the tissue (Alarcon et al., 1997). As such, we
may have seen different patterns of activity in our in vitro prepa-
rations if we had sectioned in a different plane (Gloveli et al.,
2005) or even cut tangentially (Schiff et al., 2007), although the
same principles of the effects of differential refractoriness with
slowly propagating waves should apply whatever the sectioning
angle. Indeed, there is supporting evidence for this view from
human EEG studies of patients with temporal lobe epilepsy in
which the pathology is localized to one hemisphere: after the
spread to the contralateral hemisphere, the late ictal discharges
can often be more prominent there (Binnie et al., 1994). As for
rapidly propagating in vivo events, when large cortical territories
are likely to be equally refractory, there should bemany potential
triggers for afterdischarges. Thus, as with the deceptive localizing
information associated with interictal discharges (Lieb et al.,
1981; Alarcon et al., 1994, 1997; Binnie et al., 1994), the relation-
ship between afterdischarge sources and the actual ictal focus is
likely to be obscure and probably not useful for identifying the
key pathological locus.
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